Abstract A one-dimensional model was developed for simulating the in situ bioremediation process in which trichloroethylene (TCE) in groundwater was transformed cometabolically by methanotrophs. The model includes basic processes such as advection, dispersion, and equilibrium sorption of methane, dissolved oxygen, methanotrophs, and TCE. Monod kinetics with a modified competitive inhibition term between methane and TCE, cell inactivation by product toxicity from TCE transformation, and deactivation of the enzyme in the absence of methane were also incorporated into this model. Simulation results were compared with data from a pilot biostimulation test performed at the Kururi site in Japan in 1998. The calibrated model provided good matches to observed changes of the chemical and the most-probable numbers of methanotrophs at the two monitoring wells for the 180 day test. Spatial distribution of the variables and the TCE degradation ratio were also evaluated using the calibrated model.
Introduction
Several groups of microbes can cometabolically degrade trichloroethylene (TCE) when grown on methane, aromatic compounds, propane, and ammonia as electron donors and oxygen as the electron acceptor. In Japan, a pilot test to remediate TCE-contaminated groundwater was carried out at Kururi, Kimitsu city, Chiba prefecture. This pioneering project for Japan was handled carefully by a consortium of several private enterprises and the Research Institute of Innovative Technology for the Earth (RITE). It was funded by the Ministry of International Trade and Industry (MITI) through the New Energy and Industrial Technology Development Organization (NEDO). Methane was selected as the lowest risk substrate for avoiding secondary pollution. A feasibility study confirmed the presence of methanotrophs and their TCE degradation ability was evaluated (Hanada et al., 1998) . Laboratory column tests were used to investigate the influence of concentrations of methane, dissolved oxygen (DO), and nutrients on TCE degradation . Finally, in the pilot test in 1998, 10-20% of TCE removal was obtained during methane injection (Eguchi et al., 2001) . Changes of methanotroph population and bacterial community in groundwater were also monitored (Iwamoto et al., 2000) .
The pilot test at the Kururi site was successful from a safety standpoint, but TCE removal efficacy was not high. Further public acceptance and higher efficacy of in situ bioremediation depends greatly on understanding the mechanism of the new technology. Simulation models and experimentally based approaches would facilitate discussion of bioremediation's efficacy and safety. However, kinetic information is lacking; moreover, such model studies for bioremediation of TCE-contaminated groundwater utilizing methanotrophs have been conducted only at the Moffet Airfield (Semprini and McCarty, 1992) and the Savannah River site (Travis and Rosenberg, 1997) in the United States. In this study, a one-dimensional (1-D) transport model of chemicals and methanotrophs in groundwater was developed and applied to pilot test data at the Kururi site.
Site description Figure 1 shows a schematic of the recirculation system and well placement. Detailed descriptions of the pilot test have been presented elsewhere (Eguchi et al., 2001) . Chemically augmented groundwater with methane, DO, and inorganic nutrients was circulated between the injection well and the recovery well. The pilot test was divided into three periods: pre-test, biostimulation test, and post-test. The pre-test was conducted with the groundwater circulation but without any substrate injection for 30 days from 25 September 1998. Thereafter, the biostimulation test was performed with injection of the substrates for days 31 -120. Finally, the post-test was conducted with the groundwater circulation but without any substrate injection for days 121-180.
Model development Transport of methane, DO, TCE and methanotrophs
The chemicals are transported horizontally with a dispersion mechanism and instantaneous equilibrium sorption, as:
where C refers to the aqueous-phase concentration of methane, DO, TCE, or methanotrophic population ([X ]). The spatial coordinate and time are represented as x and t. The average velocity of groundwater U was assumed to be constant over time across the thickness. The dispersion coefficient is D ( ¼ aU) where a is dispersivity. The term ðdC=dtÞ * refers to the biochemical reaction rate. Dispersal of microbes in the aquifer and the partitioning of cells between the aqueous and solid phases are considered in Equation 2:
where R, r, u, and K d represent the retardation factor, the bulk density of soil matrix, the soil porosity, and the partition coefficient, respectively. The value of R for those chemicals is unity because methane and oxygen are considered to be non-sorbing solutes. Equation 1 is based on the linear and reversible equilibrium:
where C refers to the solid-phase concentration of TCE or methanotrophs.
Kinetics of cometabolism
Because methane monooxygenase (MMO) is not highly specific, it can also degrade TCE. A competitive inhibition equation was applied to the cometabolic degradation.
In Equation 4, k and K are the maximum specific degradation rate and half saturation constant, respectively. Equation 4 presupposes that the methanotroph population degrades methane in both the aqueous phase X and the solid phase X. The methanotrophic population on a pore basis ([X TL ]) is defined as:
The net cell growth can be described as:
where b, Y, and T c are the endogenous decay constant, yield, and transformation capacity. The transformation capacity represents the degraded amount of TCE divided by the inactivated amount of cells as a result of product toxicity. We assumed that methanotrophs maintain their minimum population X TL min because they survive on naturally-occurring substrates, even in the absence of methane. We assumed that TCE is degraded only in the aqueous phase, as in:
where F a is the fraction of methanotrophic population that is active toward the cometabolic transformation (Semprini and McCarty, 1992) . The model assumes that when methane is absent, MMO deactivation occurs and the value of F a decreases. Deactivation is turned on/off based on whether the net growth rate is larger/smaller than zero. where F CH 4 , F TCE , and F decay represent the stoichiometric ratios of consumed oxygen to methane, TCE, and cells in the reactions, respectively.
Initial and boundary conditions and parameters
The initial condition was set at a spatially constant value for methane 0.0 mg l 21 , TCE 0.0 mg l 21 , DO 5.0 mg l 21 and methanotrophs 3.0 £ 10 25 mg l
21
. Figure 2 shows the inlet condition. The chemicals were pulse-injected separately with two or three cycles per day (Eguchi et al., 2001) , but the average concentrations were used in the simulation for simplicity. Methane was injected on days 31-120 (Figure 2a) . The average concentrations for DO ( Figure 2b ) and TCE (Figure 2d ) at the injection well were also used for the boundary condition. The methanotroph population at the recovery well was used for the boundary condition (Figure 2c) as the value for the injection well was not available. A transmissive condition ›C=›xj X¼2:25 m ¼ 0:0 was used for the outlet boundary. Table 1 shows a summary of the biochemical parameter values used in this study. Information on such biochemical parameters is lacking, but the values were calibrated within the reported range.
Simulation results and discussion Figure 3 shows concentrations of methane, DO, methanotrophs, and TCE at sampling wells S3 and S4. Figure 3a to compare simulation results with field data (r 2 ¼ 0.41 for S3, r 2 ¼ 0.69 for S4). The value of F a at S3 and S4 on days 31 -40 was unity when the population grew rapidly; it fluctuated between 0.0-1.0 on days 41 -120. In the post-test period, MMO was deactivated (F a ¼ 0.0) and the methanotrophic population decreased gradually by endogenous decay. Lacking the deactivation process (F a ¼ 1.0 at any time), the methanotrophic population in the post-test period declined very rapidly to the minimum population level (data not shown). Corresponding to the establishment of the methanotroph population, a decrease in TCE concentration was observed after day 40 (Figure 3d ). TCE degradation depended strongly on the methane concentration at the injection well (Figure 2a ). Responding to fluctuations of the methane concentration, the simulated TCE concentration was about 0.16-0.17 mg/l during days 40 -55. It increased to 0.17-0.19 during days 60 -75, then decreased again to 0.16-0.17 mg/l during days 75-120. After methane injection was stopped on day 120, the TCE concentration returned rapidly to its original level (r 2 ¼ 0.73 for S3, r 2 ¼ 0.69 for S4).
These simulation results suggest that this model is reliable for simulating the cometabolic transformation of TCE in groundwater. The calibrated model can estimate the temporal and spatial distribution of the variables at all x-coordinates. Figure 4 shows the model-predicted distribution of the variables. In the biostimulation period, the methane concentration was depleted quickly near the injection well (Figure 4a ), where growth of methanotrophs was intensive (Figure 4c ). The DO concentration was also depleted concomitant with methane degradation (Figure 4b ). TCE degradation was remarkable at locations (0.0 -0.2 m) where the methanotroph concentration was high in the simulation (Figure 4d) . The grown cells were transported downstream by advection and dispersion, but those between 0.25 -2.25 m did not contribute effectively to TCE degradation caused by the low concentrations of methane and DO. Those results suggested that the aquifer between the injection well and the recovery well was not utilized fully for the biochemical reactions.
Conclusions
The simulation results reproduced time changes of chemicals and methanotroph concentrations, suggesting that this model is reliable for simulating the cometabolic transformation of TCE in groundwater. Subsequently, the calibrated model estimated the temporal and spatial distributions of the variables and TCE degradation ratio. The model developed in this study is a rare successful effort at understanding its mechanism. It will bring further public acceptance and higher efficacy to bioremediation projects in the future.
